e energy performance of a variable refrigerant flow (VRF) system was evaluated using an occupancy-emulated research building in the southeastern region of the United States. Full-and part-load performance of the VRF system in heating and cooling seasons was compared with a conventional rooftop unit (RTU) variable-air-volume system with electric resistance heating. During both the heating and cooling seasons, full-and part-load conditions (i.e., 100%, 75%, and 50% thermal loads) were maintained alternately for 2 to 3 days each, and the energy use, thermal conditions, and coefficient of performance (COP) for the RTU and VRF system were measured. During the cooling season, the VRF system had an average COP of 4.2, 3.9, and 3.7 compared with 3.1, 3.0, and 2.5 for the RTU system under 100%, 75%, and 50% load conditions and resulted in estimated energy savings of 30%, 37%, and 47%, respectively. During the heating season, the VRF system had an average COP ranging from 1.2 to 2.0, substantially higher than the COPs of the RTU system, and resulted in estimated energy savings of 51%, 47%, and 27% under the three load conditions, respectively.
Introduction
VRF (Variable Refrigerant Flow) system has been used in many countries in Europe and Asia for more than 30 years since it was invented in Japan in 1982 [1] . ere are known benefits of VRF systems such as easier modular installation, space efficiency, responsiveness to fluctuating loads, and higher efficiency, but several studies [2] [3] [4] [5] [6] show that there are concerns regarding the application of VRF systems in the USA, including (1) lack of awareness of energy efficiency advantages, (2) higher first cost, and (3) lack of understanding about the suitability of the VRF system for the building operation profile in the USA. e performance of VRF systems in the USA has been measured mainly in chambers; however, performance measurement of VRF system in real buildings is challenging due to the complexity of the system and occupancy-related uncertainties.
e present paper compared the performance of existing HVAC (RTU, Rooftop Unit) and VRF system in Oak Ridge National Laboratory (ORNL)'s two-story Flexible Research Platform (FRP) during the heating and cooling period. In order to evaluate the performance of the two systems, three load conditions (i.e., 100%, 75%, and 50%) were applied to the test facility, and each system was operated alternately for 2 to 3 days, respectively [7, 8] . e three load conditions were applied to the entire building or selected zones, and the energy use, thermal conditions, and the COP were measured. low-rise, small office building common in the US existing building stock (Figure 1(a) ). e occupancy in the building can be simulated by process control of lighting and other internal loads. On this building, retrofits and alternative building components and systems can be implemented and their performance monitored. In addition, a dedicated weather station is installed on the roof that provides actual weather data for use in performance analysis and energy modeling.
e building is equipped with a conventional 44 kW RTU-VAV (Rooftop Unit with a Variable Air Volume) reheat system. For this study, a 42 kW VRF with a DOAS (Dedicated Outdoor Air System) was installed (Figures 1(a)-1(c)); the existing RTU system served as the baseline system. Table 1 summarizes the baseline building and system specification. Figure 2 shows a schematic of the two systems. e RTU provides direct expansion cooling, heating with a natural gas furnace, and electric resistance reheat at VAV terminal units. e return air is drawn from each room through an above-ceiling plenum on each floor. Fresh air is introduced through the fan to provide adequate ventilation in accordance with ASHRAE Standard [9, 10] ; therefore, fresh air uses dotted line in Figure 2 . An exhaust fan is located on each floor and operates continuously.
HVAC Systems.
e RTU is programmed to maintain a constant discharge air temperature at 14°C during the cooling season. During the heating season, the RTU discharge air temperature was adjusted based on an OA reset schedule ( Figure 3 ). e natural gas furnace would engage if the return air temperature to the RTU dropped below the discharge air set point temperature. In the cooling mode (i.e., discharge temperature set at 14°C), the electric resistance reheat in the VAV terminal boxes in individual zones activates to provide necessary heat to maintain the desired zone temperature.
e VRF system has a 42 kW outdoor unit, one DOAS unit, and ten indoor units with capacities ranging from 1.8 to 5.3 kW. e ten indoor units and the DOAS are connected to the same VRF outdoor condensing unit, and the DOAS provides conditioned OA to ten zones at 0.189 m 3 /s. Note that the VRF system in this test is a heat pump-type system that provides only cooling or heating at any single time and cannot provide simultaneous heating and cooling for different thermal zones.
Building Operation.
e VRF and the baseline RTU system performance was evaluated by comparing their hourly and daily energy use and the indoor thermal condition (i.e., temperature). Figure 4 illustrates the schematic of operation to emulate (a) 50% load, (b) 75% load, and (c) 100% load. Each system was operated alternately for 8 consecutive days with 3 days each for 50% and 75% and 2 days for 100% loads. ere was no discrete weekday and weekend schedule; the same occupancy schedule was used for all days.
e cooling season analysis was based on the measured data from July 11 through September 12, 2015. During this period, the RTU system was operated for 9 days at 50% load, 13 days at 75% load, and 8 days at 100% load. e VRF system was operated for 9 days at 50% load, 9 days at 75% load, and 6 days at 100% load. e heating season analysis is based on measured data from December 30, 2015, through March 6, 2016. During this period, the RTU system was Advances in Civil Engineering operated for 9 days at 50% load, 9 days at 75% load, and 13 days at 100% load. e VRF system was operated for 9 days at 50% load, 12 days at 75% load, and 11 days at 100%
load. Based on the schedule, occupancy emulation was also controlled so that only conditioned rooms had emulated occupancy. 
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Evaluation Metrics.
e performance of the RTU and VRF systems was compared in terms of (1) energy use, (2) ability to maintain room temperature, and (3) system eciency. e energy use and thermal performance comparison were performed using measured hourly data for occupied hours only (i.e., 8 a.m. to 6 p.m.), excluding the startup hours. e coe cient of performance (COP) analysis was performed using both hourly and 1-minute data. Figure 2 shows the air-side monitoring points, which include the room temperature and relative humidity, supply, return, and mixed-air temperature and relative humidity.
e air ow rate was measured at the RTU supply, upstairs and downstairs of the supply duct, and at the fresh air supply for the RTU system. For the VRF system, one-time air ow measurements were conducted for each indoor unit, and the DOAS supply side for the VRF system was measured continuously. Power measurements were obtained separately for the RTU unit, the supply fan, and the DOAS fan for the baseline RTU system. Power consumption for the VRF outdoor unit, each VRF indoor unit, and the DOAS was measured as well. e measured supply, return temperature and relative humidity, and air ow were used to calculate the delivered heating and cooling loads to the building and the system COP as well. Figure 5 shows the measured hourly room temperature statistics (minimum, rst quartile, median, third quartile, and maximum) for occupied hours excluding the startup hours (8 a.m. to 6 p.m.) in all rooms during RTU and VRF system operation at the three load conditions. Outdoor air temperature statistics are also plotted. e thermostat cooling set point is marked as a blue line across the plot. Temperature statistics in unconditioned rooms are shaded in gray. e data analysis shows that both the RTU and the VRF systems maintained room temperature well, especially in the rst-oor rooms. In general, the VRF system maintained room temperature in a slightly tighter range compared with the RTU system. Some rooms on the second oor were slightly undercooled for both systems during 100% operation. For 100% VRF system operation, rooms 204, 205, and 206 showed slight undercooling, which implies that the VRF indoor units might be slightly undersized. For 100% RTU operation, only room 206 showed slight undercooling, and rooms 202, 203, and 204 were overcooled. e RTU part-load schedules were lower than the ones during the corresponding VRF part-load schedules. is likely was the case because the room air was better isolated during VRF system operation. During part-load operation for the RTU system, the VAV boxes in the unconditioned rooms were forced to close to prevent these rooms from being directly conditioned. However, there could have been some leakage through the damper in the VAV box that allowed a small amount of conditioned air to be provided to the unconditioned zones. In addition, the return air grilles connecting to the return air plenum of the RTU were not closed, resulting in depressurization of the unconditioned rooms while the RTU supply fan was running. is depressurization may have caused conditioned air from other rooms to be pulled into the unconditioned rooms via door undercuts or other leakage paths. e addition of this conditioned air by either VAV damper leakage or pressure-driven air movement from 
Cooling Analysis
Cooling Hourly ermal Condition Analysis.
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conditioned rooms could have contributed to lower room temperatures in the unconditioned rooms during RTU operation.
Cooling Season Power Consumption Analysis.
A comparison of data across the RTU and VRF systems by load in Figure 6 shows that energy use was higher for the RTU system than for the VRF system at full-and part-load conditions. To predict the hourly energy use for each operation in the entire cooling season, best-t regression models for RTU and VRF hourly energy use were also developed, as shown in Figure 6 , which presents the regression models for the RTU and VRF hourly energy use based on the average hourly outdoor air temperature.
Figures 7 and 8 show power consumption comparison during the occupied hours when the RTU and VRF systems were operated under varying loads.
e VRF system responded more e ciently to the reduced loads (i.e., use less energy for lower loads), as seen from the lower scatter in the data points for the three loads. e energy use by the RTU system was more scattered during part-load conditions, resulting in more overlapping points for the 50% and 75% load schedules. ese results indicate that the VRF system does a better job of isolating zone air during operation, whereas return air from conditioned zones and warm air from unconditioned zones mixes in the plenum during RTU system operation. Figure 9 shows the COP of the VRF and RTU systems with respect to outdoor air temperature. As discussed earlier, the operating e ciency of the VRF system was more sensitive to outdoor temperature driven loads (i.e., COP is lower at cooler temperatures). At lower outdoor air temperatures, the impact of zone controldriven variability in loads was observed. At higher temperatures, that impact diminished. e e ciency of the RTU system showed a similar trend (lower COP at 50% load, even lower at cooler temperatures), but the impact was less pronounced. Over the data monitoring period, the average cooling COP was 4.2, 3.9, and 3.7 for the VRF system and 3.1, 3.0, and 2.5 for the RTU system under 100%, 75%, and 50% load conditions, respectively. ese results show 35%, 30%, and 48% improvement in COP for 100%, 75%, and 50% load conditions, respectively.
Cooling Season COP Analysis.
Quasi-Steady-State COP Analysis.
Analyzing highresolution data (i.e., 1 minute data) allows further insight into the equipment operation by enabling the ltering of near-steady-state data and the separation of the data by operating stage or capacity. e following sections will analyze the equipment performance from a quasi-steady-state perspective and then determine the impact of cycling losses on each system.
Using the quasi-steady-state data set, the COP of the RTU is plotted against outdoor temperature in Figure 10 . e outdoor air temperature was binned in 2.8°C increments; for example, the 25°C bin includes temperatures greater than or equal to 23.9°C and less than 26.7°C. e data were also divided by compressor staging, with the low stage representing single-compressor operation and the high stage representing dual-compressor operation. As expected, the e ciency of the system decreased with increasing ambient temperature. And the trend of higher e ciency during low stage operation is not consistently seen in the di erent operating schedules. is can be explained by looking at both the outdoor and indoor air ow. e outdoor air ow, as indicated by fan power, did not change between high and low stage. It is likely that the outdoor fan is running at a higher than-optimal speed in low stage resulting in excess fan power and reduced e ciency.
e indoor blower on the RTU varies its speed in order to Outdoor air temperature (°C) Outdoor air temperature (°C) 6 Advances in Civil Engineering maintain a constant static pressure in the duct system, so the number VAV boxes that are open determines the air ow. is results in the RTU100 schedule having the highest indoor air ow and the RTU50 schedule having the lowest. e indoor air ow is independent of the compressor staging though, resulting in a wide range in the ratio of indoor air ow to cooling capacity from 20 to 50 m 3 /min per kW of cooling. Generally, the optimal indoor fan speed for e ciency falls somewhere in the middle of this range, with higher air ows resulting in excessive fan power and lower air ows resulting in lower suction saturation temperatures and therefore higher compressor power.
e RTU75 low stage operation and RTU100 high stage operation fell closest to the 35 m 3 /min per kW of cooling air ow and exhibit the highest e ciencies of their respective stages. e best e ciency is achieved at an optimal balance between capacity, air ow, and fan power.
e VRF data were ltered in the same fashion as the RTU data, using a 10-minute minimum runtime as the limit for quasi-steady-state data. is schedule included a 10-minute minimum runtime between the time when individual indoor units turn on or o . An indoor unit was considered to be actively cooling if the fan was operating and the temperature di erential between the return and supply was greater than 5.5°C. e VRF100 schedule the highest e ciency over most of the temperature range, with the other schedules having similar e ciency at high outdoor air temperatures. Figure 11 shows a plot of the system COP as a function of outdoor air temperature and of the ratio of the rated capacity of the actively cooling indoor units to the total rated indoor unit capacity. e data from the di erent schedules are shown with di erent styles of markers, and the color of the marker and the label indicate the average COP for the data. Generally, the more indoor units that are actively cooling, the higher the system e ciency.
To examine the impact of compressor speed on eciency, the data were ltered to include only times when the rated cooling capacity of the active indoor units was 80% of the total rated indoor capacity. is ltering limited the data to times when nearly all of the indoor units were providing cooling. Advances in Civil Engineeringe actual cooling capacity was then divided by the total rated cooling capacity, and these data were placed into 0.1 increment bins. e e ciency of this binned data was plotted against the binned outdoor air temperature data, as seen in Figure 12 . ese data show that, in general, the VRF system was more e cient when operating at lower compressor speeds, indicated by lower capacity in this case. e quasisteady-state data analysis indicates that the VRF system operated most e ciently when all indoor units were actively cooling and the compressor was operating at reduced speed. When indoor units were shut o , the cumulative size of the indoor heat exchanger was e ectively reduced, thereby reducing the e ciency. However, as shown in the hourly analysis, this e ciency penalty was less than the energy saved by the reduced cooling load due to unoccupied zones not being conditioned. Figure 13 shows the measured hourly room temperature for the occupied hours (8 a.m. to 6 p.m.; i.e., excluding the startup hours) in all rooms during RTU and VRF system operation at the three capacities during heating season. Outdoor air temperature (OAT) statistics are also plotted.
Heating Analysis
Heating Hourly ermal Condition Analysis.
e thermostat heating set point is marked as a red line across the plot. Temperature statistics in unconditioned rooms are shaded in gray. During the heating season, in general, the 
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RTU system provided better thermal control for most of the rooms; rooms 205 and 206, which were overheated, were the exception. ose two rooms face south, east, and west, and it was observed that they were overheated mainly as a result of high solar heat gain through the windows during early morning and late afternoon.
For all three operation modes, the VRF system overheated rooms. ere are a few reasons for this. As the installed VRF system cannot provide simultaneous cooling and heating, rooms that required cooling during the heating season were overheated. In most cases, the room temperatures stayed below 27°C. e VRF system also experienced the same solar gains as the RTU, leading to overheating of rooms with south-, east-, and west-facing glazing. is type of small o ce building with a high window area should have a heat recovery-type VRF system so that the system can meet the building's simultaneous cooling and heating demands during the heating and shoulder seasons. Figure 14 shows a comparison of power consumption during the occupied hours when the RTU and VRF systems were operated under di erent loads. e electricity used by the RTU operation is a sum of the electricity used by the RTU (compressor + condenser fan) and by the VAV electric reheating equipment. In addition, natural gas was used by the RTU gas furnace.
Heating Season Power Consumption Analysis.
e VRF system shows a relatively strong correlation between energy use and the OAT, whereas the RTU total energy does not show a strong trend with the OAT. Hence, developing a weather-normalized model for RTU energy use requires considering many more issues than does the RTU model for cooling season.
e RTU natural gas heating and direct exchange cooling operate to maintain the desired supply air temperature de ned in the outdoor air reset schedule. e VAV boxes and reheating equipment then operate independently to achieve the desired room conditions. In addition, the fresh air unit for the RTU did not operate below 5°C, which may have led to underestimating the heating energy use. erefore, the additional heating energy required for conditioning the fresh air should also be calculated and included in the RTU model during the heating season. In light of these issues, a new methodology of developing an RTU model was considered.
RTU Power Consumption Analysis.
For the RTU power consumption analysis, rst, a delivered building load was calculated according to RTU operation, and an additional ventilation load needs to be calculated and added when the OAT is below 5°C, as the DOAS fan did not operate below 5°C. We assumed the additional ventilation load was met by additional VAV reheating. e regression model developed for additional VAV reheating due to an additional DOAS load is shown in Table 2 . e positive and negative building loads represent net heating and net cooling loads, respectively.
As a next step, hourly regression models for RTU hourly energy use (RTUDX + Fan), RTU cooling loads (RTU cooling ), and hourly natural gas use (NG heating ) were developed separately. As a nal step, the hourly VAV reheating energy, which could not be modeled easily, can be calculated as in (2) . In this way, the VAV reheat is responding to the unmet building load similarly to the way it operates in the real world. Figure 15 shows the calculated VAV reheating energy based on (2), and Figure 16 shows the hourly total RTU energy use, which is the sum of RTU energy, VAV reheating energy, and natural gas use. e nal R 2 values from the model, compared with the measured energy uses for RTU 100%, 75%, and 50% operation, were 0.88, 0.83, and 0.79, respectively. ermostat heating set point Figure 13 : Room temperature during RTU and VRF system operation at di erent capacities.
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Building load (kWh) RTU mc T in − T out + VAV reheating
where RTU mc (T in − T out ) (kWh) is the RTU delivered load (measured), VAV reheating (kWh) is the VAV reheating energy (measured), and M_DOAS add (kWh) is the ventilation load that should be added below 5°C of OAT (modeled) VAV reheating M_Building load + M_ RTU cooling
where M_Building load (kWh) is the regression model for building load, M_ RTU cooling (kWh) is the regression model for RTU compressor work (kWh) × COP, and M_NG heating (kWh) is the regression model for natural gas use × AFUE (80%). 
VRF Power Consumption Analysis.
Regression models for hourly VRF energy use were also developed using multivariable regression, including a combination of OAT, OAT 2 , hour of day, and hour of day 2 . Hourly solar radiation was also considered as a variable, but the regression model with this additional variable did not show signi cant improvement in the model t. e developed models were as shown in Table 3 . Figure 17 shows the VRF energy use predicted for the entire heating season for 50%, 75%, and 100% VRF operation. Note that we assumed the minimal energy use of VRF system during heating season to be about 2.2 kWh, which is mainly used for the DOAS. In addition, it is assumed that this minimal VRF energy use would be seen for all heating operation above outdoor temperatures of 13°C.
Predicted Heating Season Energy Use.
Using the regression models for the RTU and VRF, weather-normalized energy use for the heating period was predicted. Unlike in the cooling season energy comparison, source energy savings were calculated, as the RTU energy use includes both electricity and natural gas use. For the conversion of site energy to source energy, factors of 3.365 and 1.092 were used for electricity and natural gas, respectively. e nal calculation shows that the VRF system saved 51%, 47%, and 27% of the source heating energy use at 100%, 75%, and 50% loads, respectively (Figure 18 ). Unlike in cooling season operation, it appears that the RTU energy use dramatically dropped as the building was used partially (i.e., 75% and 50%). However, the energy use for the VRF in part-load operation did not show much di erence, relatively, resulting in lower energy savings in part-load operation. For the RTU, since zone-level reheating represented the main use of energy for heating, partial room operation showed proportionally reduced reheating energy use as well as reduced RTU fan energy. For the VRF, the slight di erence in energy use for full-and part-load operation was mainly due to the high heating energy use of the DOAS. As mentioned earlier, the DOAS supply temperature is higher than the discharge set point temperature, and the DOAS was running continuously in all ten zones even during partial room operation. As the DOAS uses a major portion of the total heating energy, the VRF system energy use for all three operation modes is similar. It is expected that partial room operation would show lower energy use if there were no DOAS running or if the DOAS could provide conditioned air only to conditioned rooms. Additional saving analysis was performed assuming the VAV reheating would be provided by hot water generated by NG boiler. Given the 80% e cient boiler and a generic part-load performance curve, the hourly HW reheating energy was calculated and replaced the modeled electric resistant heating. e savings calculation with this scenario shows that the VRF system saved 18%, 9%, and 8% of the source heating energy use at 100%, 75%, and 50% loads, respectively. Given the relatively small size of the building and easy installation for electric reheating, however, the HW reheating with boiler room would not be ideal for this building.
COP Analysis.
e performance of both the RTU and VRF systems was analyzed using 1-minute resolution data. Since the RTU system's two sources of heating are electrical resistance heat in the VAV boxes with a COP of 1, and natural gas heating with a COP of 0.8, it was expected that the overall site COP of this system would fall somewhere in that range. As seen in Figures 19 and 20 , this was true for the 75% and 100% operating schedules for temperatures below approximately 5°C. Above 5°C, the RTU compressor ran to provide cooling that was then o set by the resistance heating in the VAV boxes, reducing the COP of the system. Similarly, the 50% operating schedule also switched between natural gas heating and cooling with reheating at temperatures below 5°C while trying to maintain the appropriate supply air temperature from the RTU. e COPs of the VRF system ranged from 1.2 to 2.0, which are lower than expected but still substantially higher than the COP of the RTU system. It is also of interest to examine how the VRF system e ciency varied with the fraction of indoor rated capacity that was actively heating. In Figure 21 , the marker color indicates the COP, along with the data labels, and the marker shape di erentiates among the three operating schedules. e more active units there are, the larger is the indoor heat exchanger area, which should increase the e ciency.
ere also appears to be a more signi cant drop in e ciency below the 0.4 fraction of indoor rated capacity, which may correlate to the minimum compressor operating speed. Below this point, the compressor may not be able to reduce its speed any further, and the use of a hot gas bypass may be required for the outdoor unit to match the required capacity of the indoor units. e reduced e ciency might also be due to heat that was delivered to inactive units and therefore was not measured in this paper. It was observed, through elevated supply and return air temperatures, that hot refrigerant was still passing through the indoor coils of units that were not actively heating and did not have their indoor fans running. is would provide some amount of heat to the room via natural convection and radiation. e amount of heat probably would not be large, but since most of the indoor units were not active most of the time, it could add up to signi cant unmeasured, albeit unrequested, heating Advances in Civil Engineering 13 capacity. ese factors could explain the lower than expected COPs seen in the VRF system.
Conclusion
is paper compares the full and part-load performance of a VRF system with the baseline RTU/VAV system in a twostory, 300 m 2 multizone building with emulated o ce occupancy. To accomplish this, during heating and cooling season, full and part-load conditions (i.e., 100%, 75%, and 50% loads) in the building were maintained alternately by conditioning either the entire building or selected zones and emulating the occupancy accordingly. During the measuring period, each system was operated alternately under each of the three load conditions for 2 to 3 days, and the system parameters, indoor and outdoor conditions, loads, and energy use were monitored. e system performance was evaluated in terms of weather-normalized HVAC energy consumption, the ability to maintain the desired indoor temperatures in the conditioned zones, and the seasonal average COP. However, the tests such as latent, randomly part loads and measuring period, DOAS to non-DOAS comparison were not carried out in this paper, and it is needed to be examined through further studies. e following are the key ndings and lessons learned from this case study.
Cooling Season Analysis
(i) Hourly zone temperature analysis shows that both RTU and VRF systems maintained room temperature very well, especially in the rst-oor rooms. e second-oor rooms were generally slightly high. e VRF system maintained room temperature in a slightly tighter range compared with the RTU system. (ii) e energy savings for the VRF system compared with the RTU system for the cooling season are estimated to be 30%, 37%, and 47% under the 100, 75, and 50% load conditions, respectively. (iii) e COP analysis based on 1-hour data shows that the average cooling COP was 4.2, 3.9, and 3.7 for the VRF system and 3.1, 3.0, and 2.5 for the RTU system under the 100%, 75%, and 50% load conditions. (iv) e quasi-steady-state data analysis indicates that the VRF system operates most e ciently when all indoor units are actively cooling and the compressor is operating at a reduced speed.
Heating Season Analysis
(i) In general, the RTU system provided better thermal control for most rooms during heating season since the RTU system can provide simultaneous cooling and heating for di erent rooms. e analysis shows that the VRF system overheated some rooms. As the installed VRF system cannot provide simultaneous cooling and heating, the majority of the rooms were overheated when they might need cooling. (ii) Multivariable regression models were developed for the RTU and VRF hourly energy use. e energy savings for the VRF system compared with the RTU system for the heating season are estimated to be 51%, 47%, and 27% under the 100%, 75%, and 50% load conditions, respectively. (iii) During the heating season, the COPs of the VRF system ranged from 1.2 to 2.0, which were lower than expected but still substantially higher than the COPS of the RTU system. e RTU system COPs were less than 1, which was expected because the system's two sources of heating are electrical resistance heat in the VAV boxes, with a COP of 1, and natural gas heating, with a COP of 0.8.
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